Evaluation of selected refuges in a Bollgard cotton production system:  heliothine movement and effects on boll injury by Gable, Rhett Hunter
Louisiana State University
LSU Digital Commons
LSU Master's Theses Graduate School
2005
Evaluation of selected refuges in a Bollgard cotton
production system: heliothine movement and
effects on boll injury
Rhett Hunter Gable
Louisiana State University and Agricultural and Mechanical College, rgable1@lsu.edu
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Entomology Commons
This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in LSU
Master's Theses by an authorized graduate school editor of LSU Digital Commons. For more information, please contact gradetd@lsu.edu.
Recommended Citation
Gable, Rhett Hunter, "Evaluation of selected refuges in a Bollgard cotton production system: heliothine movement and effects on boll
injury" (2005). LSU Master's Theses. 210.
https://digitalcommons.lsu.edu/gradschool_theses/210
EVALUATION OF SELECTED REFUGES IN A BOLLGARD® COTTON 











Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the  
requirements for the degree of  

















Rhett Hunter Gable 




I sincerely appreciate the support and encouragement provided by my major 
professor, Dr. Roger Leonard.  After working with him for five years, I recognize what it 
means to put all your energy into doing a job and showing professionalism while doing it.  
The knowledge I have attained from him will help me throughout my life.  I would like to 
thank the members of my graduate advisory committee including Mr. Eugene Burris, Dr. 
Boyd Padgett, Dr. Boris Castro, and Dr. Fangneng Huang.  I also like to thank Dr. Tim 
Schowalter and Dr. Frank Guillot for their support and guidance as heads of the 
Department of Entomology at Louisiana State University.  I am deeply indebted to my 
fellow graduate students, Melissa Willrich, Josh Temple, and Ashley Peters for the 
assistance they provided me during my studies.  I would like to say a special thanks to 
Jeff Gore, Don Cook, and Ralph Sheppard for their knowledge, assistance, and friendship 
during my time as a research associate and graduate student at the LSU AgCenter and 
Louisiana State University for their extensive help in conducting my experiments.  I 
would also like to thank Karla Emfinger, the numerous student workers, and all the staff 
at Macon Ridge Research Station and the Department of Entomology for their assistance.  
Without the assistance of the aforementioned people, I could not have completed the 
requirements for this degree in a timely manner.  The LSU AgCenter, Cotton 
Incorporated, Monsanto Co., and the Louisiana Cotton Producer’s Association are 
recognized as funding sources to support these projects. 
 Finally and most importantly, I would like to express my sincerest thanks for my 
family’s support and encouragement during this time of study.  To my mother, Frances 
Sims, thanks for the support you have provided me throughout my life. Many times you 
 ii
put my welfare ahead of your own.  You made sacrifices to ensue that my life was as 
good as it could be.  To my wife Melanie, I say thank you for the love and 
encouragement you have always given me.  I thank God daily for the wonderful Christian 
wife He blessed me with and my daughter Hannah who has brought so much joy to my 
life.   
 
 iii








REVIEW OF LITERATURE ........................................................................................5 
 Heliothine Biology in Louisiana Cotton Fields .....................................5 
 Conventional Insecticide Use Strategies................................................6 
 Transgenic Bt (Bollgard®, Bollgard® II,  
 WideStrike, and VipCot) Cotton............................................................8 
 Bollgard® Cotton IRM .........................................................................11 
 Refuge Effects on Cotton Crop Heliothine Interactions ......................14 
 Objectives ............................................................................................18 
 
MATERIALS AND METHODS.................................................................................19 
Experiment One:  Distribution of Heliothine Injured Bolls and Spatial 
Variation in Yield ................................................................................19 
 Data Analysis .......................................................................................22  
Experiment Two:  Heliothine Adult Movement in a Bollgard® and Non-
Bollgard® Cotton System .....................................................................23 
  
RESULTS AND DISCUSSION..................................................................................27 
 Spatial Distribution of Heliothine Injured Bolls..................................27 
Cotton Yield Variability across Non-Bt Cotton Refuges and Associated 
Bollgard® Cotton Fields.......................................................................40 
 Heliothine Adult Movement in a Bollgard® and Non-Bollgard®  
 Cotton System......................................................................................42 
 




APPENDIX:  NUMBER OF BOLLWORM AND TOBACCO BUDWORM ADULTS 
CAPTURED BY WEEK IN THE LANDSCAPE MONITORING OF A BOLLGARD® 










During 2001-2003, distribution of heliothine- (bollworm, Helicoverpa zea 
[Boddie], and tobacco budworm, Heliothis virescens [F.]) injured bolls in a transgenic 
Bacillus thuringiensis Berliner (Bt) Bollgard® and non-Bt refuge cotton system was 
evaluated in several experiments.  Heliothine-damaged bolls were significantly higher 
and seedcotton yields were lower in the non-Bt refuge than in the Bollgard® areas of 
fields.  The highest probability in occurrence of damaged bolls was at sites near the 
center of the non-Bt refuge.  Number of damaged bolls and probability values describing 
occurrence decreased from the center of the refuge to sites near the interface (adjacent 
rows) of the non-Bt refuges and Bollgard® fields.  The lowest occurrence of injury was 
detected at those sites in the Bollgard® fields farther away from the non-Bt refuge.  The 
spatial variation in seedcotton yields across the Bollgard® and non-Bt refuge areas 
indicated no consistent trends with the exception that seedcotton yield was consistently 
lower at sample sites in the Bollgard® fields adjacent to the non-Bt refuge compared to 
the mean yield for the entire Bollgard® sample sites. Pheromone-baited wire cone traps 
also were used to quantify heliothine adult dispersal in Bollgard® and non-Bt refuge 
areas.  Traps were placed on the field margins of these areas at pre-determined sites 
starting in the center of the non-Bt refuge and continuing at intervals across the Bollgard® 
field for 2.4 to 3.5 km.  Both species were captured in all traps, but mean numbers of 
bollworms were higher than that for tobacco budworm.  Tobacco budworm captures were 
consistently higher in traps located closer to the non-Bt refuge, but bollworm captures 
were not influenced as much by the location of the non-Bt refuge as were tobacco 
budworm.   In addition, the frequency of tobacco budworm adult captures declined as 
 v
trap distance increased from the refuge.  These data serve to explain the distributions of 
the heliothine species and injury in non-Bt refuges and Bollgard® cotton fields and 
provide additional information for the future development of Bt-resistance management 
strategies in transgenic crops.       
     
 vi
INTRODUCTION 
Cotton, Gossypium hirsutum (L.), insect pest management has continued to 
change during the last thirty years with constant improvement of integrated pest 
management (IPM) strategies.  Cotton IPM involves a holistic approach to farm 
management and can be defined as a pest population management system that utilizes all 
available tactics including cultural practices, biological organisms, regulatory procedures, 
and judicious use of pesticides to maintain pest populations below economic injury 
levels.   IPM tactics were developed to decrease dependence on pesticides and misuse of 
chemical control methods.  During the 1970’s, producers and the non-agricultural public 
desired alternative pest control strategies due to the development of widespread 
insecticide resistance problems, appearance of secondary pests, resurgence of target 
pests, and harmful effects to the environment (Smith et al. 1976).   
 During the past decade, novel technologies implemented into current IPM 
strategies have reduced production costs and simultaneously increased farm profits.   
These practices include a general reduction in the use of broad-spectrum insecticides, the 
use of new target-selective insecticides; participation in the boll weevil, Anthonomus 
grandis grandis Boheman, eradication program; and the adoption of genetically 
engineered cotton cultivars containing Bacillus thuringiensis called Bollgard® (Monsanto 
Co., St. Louis, MO).  These pest management strategies have resulted in a “low spray” 
field environment, but have shifted the status of some cotton insect pests (Leonard and 
Emfinger 2002).  Several species of thrips, Frankliniella spp.; cotton aphid, Aphis 
gossypii Glover; tarnished plant bug, Lygus lineolaris (Palisot de Beauvois); and a 
 1
complex of stink bugs including Euschistus servus (Say) and Nezara viridula (L.) have 
become more common and yield-limiting pests to cotton production.   
One of the most impressive management strategies in cotton IPM has been the 
development of transgenic cotton cultivars. Transgenic insect-resistant cotton expresses 
insecticidal crystal (Cry) proteins derived from the soil bacterium Bacillus thuringiensis 
(Bt) Berliner var. kurstaki.  The first commercial example of the technology is Bollgard®.  
Bollgard® cultivars express the Cry1Ac protein and are active against larval stages of 
selected lepidopteran insects (Perlak et al. 1990, Gould 1998, Stewart et al. 2001).  The 
target pests for Bollgard® cotton are the tobacco budworm, Heliothis virescens (F.), and 
pink bollworm, Pectinophora gossypiella (Saunders) (Hardee et al. 2001).  Bollgard® 
cotton has limited insecticidal activity against beet armyworm, Spodoptera exigua, 
(Hübner); fall armyworm, Spodoptera frugiperda (J.E. Smith); soybean looper, 
Pseudoplusia includens (Walker); and saltmarsh caterpillar, Estimene acrea (Drury) 
(Luttrell et al. 1999) and no activity on non-lepidopteran insects.  Bollgard® cotton has 
required supplemental insecticide applications when experiencing heavy or persistent 
populations of bollworm, Helicoverpa zea (Boddie) and other cotton pests are present 
(Mahaffey et al. 1995).  Regardless of its selective efficacy, Bollgard® technology has 
been effective in controlling target pests and has resulted in producers planting more 
acres to Bollgard® cotton.   
Heliothines have traditionally been major pests of cotton throughout the United 
States, but Bollgard® has significantly reduced their economic impact.  Crop injury 
caused by heliothine larvae resulted in yield losses of more than 3,192 bales of cotton in 
2004 (Williams 2004).  During 2004, an average of 2.82 and 2.86 insecticide applications 
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at a cost of $22.82 per hectare was necessary on conventional and Bollgard® cotton, 
respectively.  The percentage of Bollgard® cotton acreage in Louisiana has increased 
each year from 15% of the total cotton acres in 1996 to >92% in 2004.   
Insect resistance management (IRM) plans are essential for the continued efficacy 
of Bollgard® cotton technology.  As a condition of federal registration by the United 
States Environmental Protection Agency (EPA), a detailed IRM plan was included as a 
component of label and use guidelines.  Some components of the plan included an active 
in-season Bt susceptibility monitoring program for target pests, a high-dose requirement 
sufficient to kill >99% of the target pests, and a non-Bt® cotton refuge to ensure the 
production of a sufficient number of Bt-susceptible insects.  The structured non-Bt refuge 
is a key component of the Bollgard® IRM plan.  This strategy relies on Bt plants 
expressing a sufficient level of endotoxin to kill >99% of all homozygous susceptible and 
heterozygous target insects. The associated non-Bt refuge supplies large numbers of Bt 
susceptible moths to mate with any Bt-resistant individuals emerging from the associated 
Bollgard® field (Van Rie 1991, Roush 1994, and Gould 1998).  There are three non-Bt 
refuge options available to producers.  The 80:20 sprayed refuge option requires that for 
every 40.47 hectares (or 100 acres) of cotton planted 32.38 hectares (or 80 acres) can be 
planted to Bollgard® cotton and a minimum of 8.1 hectares (or 20 acres) to a 
conventional (non-Bt) variety.  The 95:5 non-sprayed refuge option requires the producer 
to plant a minimum of 2.02 hectares of refuge for every 38.45 hectares of Bollgard® 
cotton.  The 95:5 embedded refuge requires the producer to plant 2.02 hectares of 
conventional cotton for every 38.45 hectares of Bollgard® cotton.  This option requires 
the producer to plant the refuge within a contiguous block of Bollgard® cotton.  For 
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Bollgard® to maintain efficacy under the current IRM plan, a Bt susceptible population of 
target insects must be available to dilute the resistant gene in the overall population.   
The 1998 scientific advisory panel to the EPA recommended the non-Bollgard® 
refuge should supply a ratio of 500 Bt-susceptible insects to each insect expected to 
survive on Bollgard® cotton (SAP-EPA 1998, Caprio et al. 2004).  The size of the non-Bt 
refuge has been the primary factor emphasized to meet this goal.  Other important IRM 
questions concern refuge orientation and placement relative to the associated Bollgard® 
field.  In maintaining the proper Bollgard® and refuge structures, one must consider the 
dispersal distance of insects from a refuge.  These structured non-Bt refuges must be 
located in an area where the moths emigrating from the refuge will come into contact 
with any resistant moths emerging from the associated Bollgard® cotton fields.  Insects 
produced in the refuges that migrate into the edges of Bollgard® cotton fields could have 
a higher potential to survive (Stewart et al. 2001) and may influence the rate of Bt-
resistance development.   
Currently, the EPA has mandated that the 80:20 and the 95:5 external structured 
non-Bt refuges must be located within one-linear mile (1.6 km), preferably one-half mile 
(0.8 km), from its associated Bollgard® cotton field.   
The following review provides information about heliothine biology, ecology in 
cotton production systems, and management strategies, relative to Bollgard® technology.  
The focus of this review is to provide a background to justify the objectives addressed in 




REVIEW OF LITERATURE 
Heliothine Biology in Louisiana Cotton Fields 
The bollworm, Helicoverpa zea (Boddie) and tobacco budworm, Heliothis 
virescens (F.) are major economic pests of cotton.  These pests are in the class Insecta, 
order Lepidoptera, and family Noctuidae.  The bollworm has been a pest of cotton since 
the 1820’s, but the tobacco budworm was not identified as a pest in Louisiana cotton until 
1934.  Tobacco budworm and bollworm larvae feed on leaves and fruiting structures of 
many host plants including cotton.  These insects have four stages in their life cycle: egg, 
larva, pupa, and adult.  Their eggs are laid singly on the upper one-third of the plant 
canopy during the early vegetative and reproductive stages of plant development.  Later 
in the growing season, eggs are oviposited on foliage and fruiting structures within the 
plant canopy (Mistric 1964, and Tynes et al. 1980).   
The larval stages of these pests are difficult to differentiate in cotton and are 
commonly referred to as the heliothine complex.  Tobacco budworm larvae are 
distinguished from bollworm larvae by the presence of microspines on the setigerous 
tubercles of abdominal segments one, two, and eight.  Also, tobacco budworm larvae 
have the presence of a basal process on the oral surface of the mandible (Brazzel et al. 
1953, Oliver and Chapin 1981).  Tobacco budworm and bollworm larvae vary in colors 
from a uniform light green to a striped pattern with varying shades of pink, green, and 
brown.  Larvae develop during four to five instars (13 to 14 days) in a single generation 
and then burrow 2.5 to 7.6 cm into the soil to pupate.  The insects remain in the soil ca. 
12 to 15 days prior to adult emergence.  There are normally five generations that occur in 
Louisiana.   
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The tobacco budworm adult forewing is pale olive with three narrow, dark, 
oblique bands.  The hind wing is white with a reddish-brown border, much less distinct 
and complete in males (Oliver and Chapin 1981).  The bollworm front wing color ranges 
from light to reddish brown with a dark area near the tip and a distinct reniform spot.  
The hind wings are a creamy color with an irregular dark band near the outer margin 
(Oliver and Chapin 1981).  Developmental time from egg to adult is ca. 30 days, but is 
regulated by a variety of environmental factors. 
After eclosion from the eggs, larvae begin to feed on the tissue of young cotton 
leaves for two to three days.  The larva molts to the second instar and moves to flower 
buds (squares) (Parrott et al. 1978).  As the larva develops, it moves vertically down the 
plant feeding on medium size squares.  Injured squares become chlorotic, the bracts flare 
open, followed by square abscission (Tynes et al. 1980).  Larvae migrate among fruiting 
structures and generally do not feed on the same fruiting structure for longer than one 
instar (Wilson and Gutierrez 1980).  Studies in Texas during 1961 and 1962 indicated 
that a single bollworm larva damaged 3.8 and 5.7 cotton squares, respectively.  Studies in 
Arkansas indicated an average of 3.8 damaged squares and 2.2 damaged bolls per larva 
(Anonymous 1967).  Larvae injure fruiting structures by directly entering the fruiting 
form, thus violating the integrity of the exterior wall.  Larvae may consume the entire 
contents of fruiting forms or feed in a localized area.  The entrance holes can make the 
fruit susceptible to plant pathogens.  
Conventional Insecticide Use Strategies 
Cotton production has long relied on the use of conventional insecticides to 
manage damaging insect pests.  Insecticides still remain an integral component of cotton 
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IPM strategies for many pests.  Insecticides help maintain insect pest densities below the 
economic injury level when other management strategies have failed (Stern et al. 1959, 
Pedigo 1986, Graves et al. 1999).  Before the development of synthetic insecticides, 
producers relied upon cultural, biological, and mechanical strategies to manage pests.   
Production practices changed drastically with the adoption of insecticides.  Insecticides 
were so effective at controlling pests that growers abandoned other pest management 
strategies and opted for this single control practice.  The use of insecticides for cotton 
insect pest control has historically followed a cyclical pattern of success and failure.  
When new insecticides are released, they usually provide high levels of efficacy against 
target pests.  However, the effectiveness of insecticides erode over time due to the 
intensive use of one chemical class which selects for resistant insect genotypes.   
The first synthetic insecticides provided excellent control of the tobacco budworm 
and bollworm; but with the indiscriminate misuse and the abandonment of other pest 
management methods, resistance and an increase in secondary pest problems quickly 
became common.  Since 1962, approximately 15 years after its introduction, field 
populations of bollworm and tobacco budworm have shown varying levels of resistance 
to many synthetic insecticides used on cotton (Brazzel 1963, Graves et al. 1963).  
Subsequent to the evolution of resistance to the chlorinated hydrocarbons, producers 
relied heavily on newer classes of organophosphorous and carbamate insecticides to 
control heliothines (Lincoln et al. 1975, Bottrell and Adkisson 1977).  Again the cyclic 
pattern was repeated with resistance to this newer chemistry detected in field populations 
of heliothines by the late 1960’s and early 1970’s (Carter and Philips 1968, Wolfenbarger 
and McGarr 1970, Graves and Clower 1971, Harris 1972, Sparks 1981).  Pyrethroids 
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were introduced in the mid-1970’s and provided excellent control of the bollworm and 
tobacco budworm (Palazzo 1978, Pieters 1979, Twine and Reynolds 1980).  By 1986, 
pyrethroid resistance in tobacco budworm was reported in Louisiana (Leonard et al. 
1987, Bagwell 2000) and is now widespread throughout the United States.  Pyrethroids 
are still a viable control method for bollworms across much of the southern United States, 
however they are not recommended by the Louisiana Cooperative Extension Service 
(LCES) for control of tobacco budworms.   Studies across the cotton belt and Mid-
Atlantic States indicate low percentages of pyrethroid-resistant bollworms may exist 
within populations (Brown et al. 1997, Walker et al. 1998, Payne et al. 2004).  
Currently, there are a number of labeled insecticides for the control of the tobacco 
budworm and bollworm.  Although expensive to use, several new insecticide classes 
(oxodiazine, spinosyn, avermectin) have been developed as replacements for pyrethroids.  
To sustain profitability or increase cotton production, other novel insect pest management 
strategies are constantly needed.   
Transgenic Bt (Bollgard®, Bollgard® II, Widestrike, and VipCot) Cotton 
One strategy to manage populations of tobacco budworm and pink bollworm, 
Pectinophora gossypiella (Saunders), has used recombinant DNA technology to 
genetically engineer cotton plants (MacIntosh et al. 1990, Stewart et al. 2001).  Genetic 
engineering technologies have enabled scientists to develop cotton cultivars (Bollgard®) 
that express a crystal protein (Cry1Ac), which is derived from a Bt kurstaki, soil 
bacterium.  Bollgard® exhibits varying levels of toxicity to larval stages of selected 
lepidopteran pests (Umbeck et al. 1987, Gasser and Fraley 1989, Perlak et al. 1990, 
Gowron-Burke and Baum 1991). When the Cry protein is ingested, the toxin binds to 
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receptor sites in the insect’s midgut causing the gut wall to rupture and allows the gut 
contents and hemolymph ions to mix.  This exchange of ions results in pH inbalance and 
causes rapid paralysis of the gut.  Feeding normally ceases within minutes and the larvae 
dies within two to three days (Dulmage et al. 1978, Gowron-Burke and Baum 1991).    
Currently, Bollgard® is a major component in cotton IPM programs in the United 
States and provides an environmentally friendly and economical alternative to 
insecticide-based crop protection strategies without sacrificing yield.  Bollgard® cotton 
will produce higher yields compared to non-transgenic cotton when both cultivars are 
produced in a non-sprayed environment and heliothines are present (Benedict et al. 1993, 
Ring et al. 1993).  Bollgard® cotton kills neonate stage larvae before they ingest a large 
amount of plant material (Ring et al. 1993).  In addition, the toxin in Bollgard® cotton 
disrupts the feeding behavior of tobacco budworms (Benedict et al. 1993, Parker 1997).  
Tobacco budworm larvae allocate a minimal amount of time feeding and will abandon 
Bollgard® plants more frequently than larvae on conventional cotton.  Parker (1997) 
infested Bollgard® and non-Bollgard® cotton with tobacco budworm larvae and found 
that larvae infested on Bollgard® cotton planted adjacent to conventional cotton, moved 
away from transgenic plants faster compared to infestations on conventional cotton.  
Approximately 85 percent of the surviving larvae (<10 d old) moved at least one plant 
when infested on Bollgard® cotton adjacent to conventional non-Bollgard® cotton.  Gore 
(2001) reported that bollworm larvae infested in the terminal of Bollgard® plants, began 
migrating away from the terminal within three hours after infestation and were observed 
feeding on white flowers and young bolls.  Tobacco budworm larvae spend more time 
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resting and less time feeding on Bollgard® cotton than on conventional cotton (Benedict 
et al. 1993).   
Bollgard® cotton requires supplemental insecticide applications to prevent 
economic injury from populations of non-target pests (Bacheler and Mott 1997, Leonard 
et al. 1997, Gore et al. 2001).  Primary targets managed with Bollgard® varieties include 
tobacco budworm and pink bollworm; however, there is limited insecticidal activity on 
beet armyworm, fall armyworm, and soybean looper (Luttrell et al. 1999).  Insecticidal 
oversprays have been required on Bollgard® varieties to control bollworms when heavy 
or persistent populations occur in cotton (Mahaffey et al. 1995).       
Monsanto Co. has developed a second-generation, transgenic, insect-resistant 
technology in cotton trademarked Bollgard® II.  This technology controls of a broader 
spectrum of lepidopteran pests than Bollgard® (Stewart and Knighten 2000, Stewart et al. 
2001).  These new cultivars were developed by incorporating the Cry2Ab protein from Bt 
into commercially available Bollgard® cotton varieties (Greenplate et al. 2000).  The 
addition of a second protein has increased overall Bt protein expression to levels higher 
than that found in Bollgard®.  A four-fold increase in the total amount of insecticidal 
proteins has been observed in Bollgard® II cotton compared to Bollgard® (Greenplate et 
al. 2000).  The number of heliothine-damaged terminals, squares, and bolls was lower in 
Bollgard® II than Bollgard® and non-transgenic cotton varieties (Jackson et al. 2003).  
Bollgard® II will be a useful tool for producers where multiple lepidopteran pests are 
present.  Bollgard® varieties will likely be phased out in favor of Bollgard® II varieties 
during the next few years (Voth et al. 2001).  
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The widespread adoption of Bollgard® cotton raises concerns of resistance to this 
toxin.  Resistance to Bt is possible and has been documented for several species.  The 
diamondback moth, Plutella xylostella (L.), a major pest of crucifers, has developed 
resistance to formulated Bt products in Hawaii, the continental United States, and Asia 
(Tabashnik 1994).  Tobacco budworm (Stone et al. 1989, Gould et al. 1992, 1995), pink 
bollworm (Bartlett et al. 1997), beet armyworm Spodoptera exigua (Moar et al. 1995), 
and bollworm (Luttrell et al. 2004) have been selected for resistance to one or more Bt 
proteins in laboratory studies.  Resistance to the Cry1Ac protein in Bollgard® is likely 
since these plants produce the protein season-long and impose constant selection pressure 
on insects. The widespread adoption of Bollgard® cotton, the emerging use of Bt field 
and sweet corn varieties, and the use of foliar Bt products increase the risk of insect 
resistance to the toxin. 
Bollgard® Cotton IRM 
To protect the future efficacy of Bollgard®, the Environmental Protection Agency 
(EPA) mandated the registrant, Monsanto Co., develop a scientifically acceptable series 
of IRM guidelines (Matten 2000, 2002).  The components include IPM strategies to 
exploit weaknesses in the target pest biology and ecology, a high-dose/refuge strategy, an 
active in-season monitoring program to document any changes in Bt susceptibility of the 
target pest, and a remedial action plan to address Bt resistance, producer education 
programs, and compliance surveys.   
The primary IRM strategy recommended at the farm level is based on a high-
dose/refuge strategy.   The high-dose/refuge strategy can be successful at delaying 
resistance if the refuges produce large numbers of susceptible insects (Caprio et al. 2004).  
 11
The initial theory of this strategy is based on a low frequency of Bt resistant genes in 
insect populations possibly as low as one in a thousand (Gould 1998).  The majority of 
the target population includes Bt susceptible homozygotes.  Therefore, individuals in the 
population containing two Bt resistant alleles at a single location should be extremely 
rare. 
A high dose of the protein must kill >95% of the susceptible and resistant 
heterozygote insects (Gould 1988, Van Rie 1991, Roush 1994).  The exact concentration 
of the Cry1Ac protein that constitutes a high dose has not been clearly established, but 
one operational definition is “25 times the concentration needed to kill 99% of the most 
vulnerable stage of Bt susceptible target insects” (Gould 1994).   All commercial 
cultivars released must express a high dose level of toxin.   
Structured non-Bt cotton refuges are areas that are planted to a conventional 
cotton cultivar and exclude a portion of the target insect population from exposure to the 
Cry1Ac protein.  Refuges reduce the intensity of selection and maintain Bt resistance at a 
low frequency by assuring that most of the insects emerging from the refuge have no Bt-
resistant alleles (Gould and Tabashnik 1998).  Bt-susceptible insects mate with the rare 
homozygous resistant individuals and produce heterozygote offspring with one allele for 
susceptibility, and one allele for resistance.  Current studies suggest that Bt resistance 
could be partially or completely recessive and heterozygotes currently are not considered 
highly resistant (Gould et al. 1992, Tabashnik 1994, Ferre et al. 1995).   
Two refuge options, approved by the EPA, used for Bollgard® cotton in the 
southern United States during 1996 were concerned only with the tobacco budworm.  
Option one required the producer to plant at least 25% of his cotton acreage to a non-Bt 
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variety.  For every 100 acres (40.47 hectares) of Bollgard® cotton, there must be 25 acres 
(10.12 hectares) of non-Bollgard® cotton as the refuge.  This refuge area can receive 
insecticide oversprays for insect pests including lepidopteran insects throughout the 
growing season.  This option was based on the assumption of 20% larval survival in the 
refuge adjacent to a non-treated Bollgard® field.  If producers use very low pest densities 
as action thresholds, larval production could be compromised in the refuge.  There is a 
general concern among scientists that producers may abuse the frequency of insecticide 
oversprays on the refuge and render it ineffective.  However, if overall population 
densities of beneficial insects were higher in a Bollgard® field, target mortality from 
beneficial arthropods coupled with that from the protein could significantly reduce 
surviving insects (Riggin-Bucci and Gould 1997).   These refuges should not be treated 
with any foliar Bt products, and a distance limitation required the refuge to be located no 
further than one mile from any associated Bollgard® field.   
The second option required four acres (1.6 hectares) of non-Bt cotton for every 
100 acres (40.47 hectares) of Bollgard® cotton. This refuge option restricted the 
application of any insecticide that controls lepidopteran insects and required the distance 
from the refuge to the associated Bollgard® fields not exceed one-half mile.   
 Concerns about the effectiveness of these non-Bt refuges to produce sufficient 
numbers of insects and yield losses in the refuge fields forced the EPA to revise the 
refuge options prior to the 2001 production season (Matten 2001).  All refuge options for 
Bollgard® cotton are acceptable for Bollgard® II, VipCot, and WideStrike technologies.  
With the revisions producers are allowed to select among four refuge options (Figure 1) 
(Anonymous 2001, Matten 2001, Mullins 2001).  The 25% sprayed non-Bt refuge option 
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was replaced with a 20% sprayed refuge (for every 100 acres [40.47 hectares] of cotton 
planted 80 acres [32.37 hectares] can be Bollgard® and 20 acres [8.1 hectares] must be a 
non-Bollgard® variety); 2) The external 4% non-sprayed non-Bt refuge option was 
replaced with a 5% refuge planted to a non-Bt cotton variety (for every 100 acres [40.47 
hectares] of cotton planted 5 acres [2.02 hectares] must be planted in non-Bt cotton and 
95 acres [38.45 hectares] of Bollgard® cotton).  The third option and a suitable 
improvement in the strategy to delay the evolution of resistance to Bollgard® cotton 
would be to employ embedded refuges within Bollgard® cotton fields.  The producer 
must plant at least five acres (2.02 hectares) of non-Bt refuge for every 95 acres (38.45 
hectares) of Bollgard®.  This option requires non-Bt cotton to be planted within a 
contiguous block of Bollgard® and exceed a width of 150 feet.  Small or irregular cotton 
fields can be grouped into blocks to represent a larger field unit with the stipulation that 
fields are managed by the same producer.  The refuge must be located within one mile of 
the associated Bt cotton field.  This option is unique in that the embedded refuge can be 
treated with any labeled insecticide as long as the associated Bt field unit(s) are treated 
with exactly the same insecticide use strategy.  
A community-shared non-Bt refuge is the fourth and final option.  This refuge 
strategy includes one of the former three options, but is maintained by multiple growers 
in a production area.  This option allows a group of farmers to institute a single refuge 
over a large area and share maintenance of the refuge costs.  The refuge must not be 
greater than one-mile from its associated Bollgard® field. 
Refuge Effects on Cotton:  Heliothine Interactions 
The IRM refuge options rely on the probability of Bt-susceptible adults emerging 
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Figure 1. Refuge options for the Bollgard® IRM plan provided to cotton producers.  




from refuges in a similar time frame as the Bt-resistant adults from Bt cotton fields.  If 
the development times of the insects between the refuge and Bt fields are asynchronous 
then the potential of delaying Bt resistance may be greatly reduced.  Production of 
susceptible moths could be jeopardized by asynchronous larval development among 
insects produced in the non-Bt cotton and Bt cotton fields.      
The results of EPA’s scientific advisory panel recommended that a refuge must 
produce 500 susceptible moths for every moth expected to survive in the transgenic Bt 
field (SAP-EPA 1998).  In addition, the size, deployment, and structure of the refuge may 
change to achieve this goal.  The emphasis has primarily been on the size of the cotton 
refuge to meet this goal. However, non-crop hosts for tobacco budworm such as 
velvetleaf, Abutilon theophrasti, could play an important role in increasing the total 
number of Bt susceptible insects.  Jackson et al. (2003), found that non-sprayed 
conventional cotton in North Carolina produced 33-fold and 64-fold more bollworm 
adults than Bollgard® and Bollgard® II cotton, respectively. 
Altering the spatial structure of refuges could impact the degree of isolation 
between refuges and Bt fields and thereby influence the effect of source-sink dynamics 
(Caprio 2001).  Source-sink dynamics describe ecosystems where populations experience 
net emigration (source), where births outnumber deaths.  Other populations within 
ecosystems experience net immigration (sinks) in which deaths exceed births.   
Caprio (2001) modeled varying degrees of isolation between refuges and transgenic 
fields and identified two trends.  First, when the refuge was planted within close 
proximity to the Bt crop and the insects could experience both Bollgard® and non-Bt 
fields at random, susceptible moths emerging in the refuge oviposited many eggs in the 
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Bt fields where few offspring were expected to survive.  Therefore, the transgenic crops 
became sink habitats for susceptible insects; fewer susceptible insects were produced and 
the rate of resistance evolution was increased.  Conversely, if the isolation distance 
between the non-Bt refuge and transgenic field was too great, large numbers of moths 
would be produced in the refuge, but few of these moths may move into the transgenic 
fields.  This effect would thereby increase the likelihood of Bt-resistant moths emerging 
from transgenic fields and mating with those in the non-Bt field. 
Upon the commercial release of Bollgard® cotton, producers did not want to 
accept >10% non-sprayed non-Bt refuge area because of concerns of excessive yield 
reductions in the refuges (Gould 1998).  Larval production and yield loss in refuges are 
expected to differ as isolation from the Bt field increases (Alstad and Andow 1995).  
Widespread production of transgenic crops could decrease pest populations to a level 
where refuges would incur little damage (Gould 1998).   
Lower population densities of insect pests surrounding YieldGard® corn fields 
have been documented (Andow and Hutchinson 1998).  This reduction is generally 
referred to as the “halo effect”.  The “halo” concept has not been studied in Bollgard® 
cotton and may have considerations for structured non-Bt cotton refuges.  The “halo” 
surrounding Bollgard® fields may reduce the number of heliothine-damaged bolls in the 
refuge and influence heliothine injury in adjacent Bollgard® cotton.  A better 
understanding of the “halo effect” could influence how cotton refuges are deployed in 
future IRM strategies.  Attempting to delay or prevent heliothine resistance to transgenic 
cotton through the use of structured cotton refuges will require more knowledge of the 
abundance of moth populations, and their emigration habits from refuges. 
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Objectives 
I. Intra-field distribution of heliothine injured bolls and spatial variation in 
yield across a Bollgard® and non- Bollgard® cotton refuge cotton field.  
II. Landscape monitoring of heliothine adults in Bollgard® and non-Bollgard® 





MATERIALS AND METHODS 
Approaches used to complete the objectives of this research project include:  1) 
sampling predetermined sites across non-Bollgard® cotton refuges and Bollgard® cotton 
fields for heliothine-damaged fruiting forms, and harvesting of selected rows in the non-
Bollgard® refuge and Bollgard® field to determine yield, 2) surveying movement of 
heliothine populations using pheromone-baited traps near a non-Bollgard® refuge and 
Bollgard® cotton fields.  
Experiment One:  Distribution of Heliothine-injured Bolls and Spatial Variation in 
Yield 
 
Field tests with embedded non-Bt refuges during 2001, 2002, and 2003 were 
designed to estimate the number of heliothine-damaged fruiting forms and seedcotton 
yield in a Bollgard® and non-Bollgard® refuge cotton system (Figure 2).  One test site 
was located on the Jack Dailey farm near Gilbert, LA (Franklin Parish).  All agronomic 
practices (fertilizer, pesticides) for profitable cotton production recommended by the 
LCES were used to maintain the test field.  A private agricultural consultant 
recommended all pest management decisions. Cottonseed from Stoneville Seed 
Company, Stoneville, MS, and Delta and Pine Land Company, Scott, MS, was obtained 
for the test areas during each year.   In 2001, the non-Bollgard® refuge (Stoneville 
4793R) and Bollgard® cotton (DP 422BR) were planted on 19 Apr.  In 2002, the non-
Bollgard® refuge (DP 425R) and Bollgard® cottonseed (DP 451BR) were planted on 1 
May.  On 29 Apr 2003, Stoneville 5415R cottonseed were planted in the non-Bollgard® 
refuge and DP 555BR was the Bollgard® cultivar. 
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The second test was located at the Macon Ridge Research Station (MRRS) near 
Winnsboro, LA (Franklin Parish).  In all years, planting dates were delayed beyond 
LCES recommendations to increase the probability of high native bollworm and tobacco 
budworm infestations.  The non-Bollgard® refuge (Stoneville 580) and Bollgard® 
cottonseed (DP 428B) were planted on 29 May 2001.  In 2002, Stoneville 4793R 
cottonseed was planted in the non-Bollgard® refuge.  Stoneville 4892BR was utilized for 
the Bollgard® cultivar.  On 10 Jun 2003, DeltaPearl and DP 555BR cottonseed were 
planted in the non-Bollgard® refuge and Bollgard® field, respectively.  Selective 
insecticides were applied to control non-target pests during the growing season and 
similar cultural practices were used in maintaining the refuge and Bollgard® fields in a 
similar manner.  There were no insecticides active on lepidopteran species applied to the 
test area. 
Harvest aids were applied according to LCES recommendations to defoliate and 
prepare the cotton plants for harvest.  The refuge and Bollgard® areas were sampled for 
late-season heliothine-damaged bolls after defoliation and prior to harvest.  Bolls were 
considered damaged if the carpel wall of the boll was completely penetrated by 
heliothines.  The test areas at Dailey farm were sampled 24 Sep, 25 Sep, and 2 Oct in 
2001, 2002 and 2003, respectively.  The test areas at the Macon Ridge Research Station 
were sampled on 17 Oct, 1 Nov, and 21 Oct during 2001, 2002, and 2003, respectively.  
Three replicates of an embedded refuge of 48 rows (48.77 m) 150 feet in length (45.72 
m) were used each year at both test sites (Figure 3).     
A specific sample pattern established prior to the initial survey was used to 
quantify heliothine-damaged bolls in the non-Bollgard refuge area and adjacent 
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Bollgard® field (Figure 3).  The sampling areas were separated 10 m apart within each 
refuge and adjacent Bollgard® area.  The sampling sites started in the approximate center 
of the refuge, continued across the Bollgard® and refuge interface, and ended 153 m in 
the Bollgard® cotton.  Each individual sample site consisted of one row/meter on two 
adjacent rows.  Data collected from the two rows were averaged for one measurement per 
sample site.  There were a total of four sampling sites per row per replicate.  
All bolls (closed and open) on plants at each sample site were examined for larval 








Figure 2.  Test sites for surveying heliothine-damaged fruiting forms and 
yield in a Bollgard® and non-Bollgard® refuge cotton system. 
 
Spatial variation of seedcotton yield across the Bollgard® and refuge field was 
determined by harvesting selected rows that were previously sampled for heliothine-
damaged bolls.  The entire length of row was mechanically harvested using a machine 
spindle-type harvester.  Rows were harvested in the center of the refuge, at the 
Bollgard®/non-Bollgard® refuge interface (rows 1 thru 4 on each side), and at 
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predetermined sites within the Bollgard® cotton terminating approximately 152 m from 
the Bollgard®/refuge interface (Figure 4).  Seedcotton yield was converted from pounds 
of lint per acre to kg/ha.  Field size determined the number and length of harvested rows. 
Bollgard Cotton
Non-Bt refuge





Figure 3.  Survey design, of three replicates, in the Bollgard® cotton and non-
Bollgard cotton field.  Dashed lines represent sampling sites used for 




 Heliothine-damaged bolls were surveyed as independent variables in the non-
Bollgard® refuge and across the adjacent Bollgard® cotton field at increasing distances 
away from the refuge. The responses were grouped into binary data (presence or absence 
of damage) as a count of damage (event) out of total observed (trial). These data 
warranted the application of a logistic regression model rather than typical regression 
models. The variables were analyzed using a generalized linear model (PROC GENMOD 
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of SAS 9.1.3, SAS Institute 2004) with binomial responses, logit-link function, and type 
III significance tests. Data for years were highly significant for both locations. The sub-
sample effect (Y), was not significant, and was ignored in the model. The analysis 
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Figure 4.  Sample rows harvested to determine seedcotton yield in the non-
Bollgard® refuge and Bollgard® cotton field. 
 
Experiment Two:  Heliothine Adult Movement in a Bollgard® and Non-Bollgard® 
Cotton System 
 
Surveys to document heliothine movement in Bollgard®/non-Bollgard® cotton 
production systems were conducted in 2003 and 2004 on cotton fields at the Panola 
Corporation located near Newellton, LA (Tensas Parish). Pheromone-baited wire cone 
(Texas type 75-50) pheromone traps constructed of wire mesh (20.32 x 20.32 cm) with a 
moth-retaining cage on top (Hartstack et al. 1979, 1980) were used to collect heliothine 
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adult (moths).   The traps were sampled weekly and baited bi-monthly with Hercon 
Luretape (Great Lakes IPM, Vestaburg, MI), a synthetic sex pheromone.  Pairs of traps 
were placed on the border of the refuge and Bollgard® fields at predetermined sites 
beginning on the field border near the center of the refuge and continuing on the border 
of the adjacent Bollgard® fields (Figure 5). One trap for each species was placed at each 
site and the paired traps (one for each species) 15.25 m apart.  In 2003, an 80% Bollgard® 
and 20% non-Bollgard® cotton refuge option was used for the study.  In 2003, trapping 
was initiated on 27 Jun and terminated on 6 Oct. Traps were placed on the border of the 
refuge (DeltaPearl) and Bollgard® (Stoneville 5599B) fields at predetermined sites on the 
field border at the center of the refuge and continuing in a westerly direction at 805 m 
intervals for a total distance of 3.5 km.  The sample sites are referred to as site 1 (the 
center of the refuge) and sites 2 through 5 along the border of the Bollgard® field.     
In 2004, the 95:5 embedded refuge option was used.  Trapping began on 30 Jun 
and was terminated on 10 Oct.  Traps for both species were sampled weekly.  In 2004, 
pairs of traps were placed on the border of the refuge and continued at 483 m intervals 
terminating at a distance of 2.4 km (Figure 6).  The sampling sites are referred to as site 1 
(field edge near the center of the refuge), while sites 2 through 6 were located along the 
Bollgard® field.  The data were summarized for each site and species for the duration of 
the survey.  In addition, the temporal frequency of moths collected at sites 2-5 was 














Figure 5.  Trap locations and spatial arrangement of Bollgard® cotton and non-






















Figure 6.  Trap locations and spatial arrangement of Bollgard® cotton and non-





RESULTS AND DISCUSSION 
 
Spatial Distribution of Heliothine-injured Bolls 
Numbers of damaged bolls in the non-Bt refuges and associated Bollgard® cotton 
fields on the Dailey farm were extremely variable across years.  The numbers of damaged 
bolls were higher in 2002, across both the refuge and Bollgard® fields, compared to that 
in 2001 and 2003 (Figure 7).  Heliothine populations and injury levels in cotton fields can 
vary across years (Bradley et al. 1986).  Heliothine populations in cotton are largely 
dictated by biological and environmental factors such as overwintering survival, seasonal 
alternate host availability and seasonal weather conditions (Schneider 2003).  Significant 
effects of year, as well as a year and sample site interaction, were detected for heliothine-
damaged bolls.  For all years, numbers of damaged bolls in the refuge areas were 
significantly higher (P>t; 0.001) than in the associated Bollgard® fields.  
In 2001, the number of heliothine-damaged bolls ranged from 6.4 to 9.3/m in the 
non-Bt refuge (Figure 8). The fewest number of damaged bolls in the refuge were 
recorded 8 m from the interface.  Damaged bolls in the Bollgard® field ranged from 0.6 to 
3.7/m.  The highest numbers of damaged bolls (3.7/m) in the Bollgard® cotton were 
recorded 1 m from the interface.  In 2002, the number of heliothine-damaged bolls in the 
refuge ranged from 6.2 to 11.4/m (Figure 9).  The fewest number of damaged bolls in the 
refuge was located on the row adjacent to the Bollgard® cotton field and the highest 
number of damaged bolls in the Bollgard® cotton field (0.8) was located on the row 
adjacent to the non-Bt refuge.  The number of damaged bolls recorded at all sample sites 
in the Bollgard® field was relatively low and ranged from 0.0 to 0.8/m.  In 2003, number 
of heliothine-damaged bolls across the non-Bt refuge and Bollgard® field were lower than 
recorded during the previous two years.  The number of heliothine-damaged bolls in the 
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non-Bt refuge ranged from 0.4 to 1.3/m (Figure 10).  Damaged bolls ranged from 0.0 to 






















P < 0.05, year * location interaction
P < 0.05, year effect
** = P < 0.01
 
Figure 7.  Mean number of damaged bolls per meter at the Dailey farm during 2001, 
2002, and 2003.  
 
Data on the probability of heliothine-damaged bolls across all non-Bt refuge and 
Bollgard® field sample sites were best described with a logarithmic equation during all 
three years (Figures 11, 12, 13).  These probability data varied among years in a manner 
similar to the actual data for damaged bolls.  The probability of damaged bolls was 
consistently highest in the center of the refuge during 2001 (0.065), 2002 (0.075), and 
2003 (0.0042).  These data showed a general trend for a decline from the highest levels in 
the center of the refuge to the most distal sample sites from the interface in the Bollgard® 
field.  The greatest change in probability values was found among sample sites in the 
refuges.  Across the Bollgard® sample sites, probability values were lower and less 
variable than those observed across sample sites in the refuge.  However, those sample 
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sites in the Bollgard® fields adjacent to the interface consistently had a higher probability 
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Figure 11.  Predicted probability values (logistic regression) of finding damaged 
bolls at selected locations at Dailey location, 2001.  Log[Pr(y)/(1-
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Figure 12.  Predicted probability values (logistic regression) of finding damaged bolls 
at selected locations at Dailey location, 2002.  Log[Pr(y)/(1-Pr(y))]=           
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Figure 13.  Predicted probability values (logistic regression) of finding damaged 
bolls at selected locations at Dailey location, 2003.  Log[Pr(y)/(1-
Pr(y))]= -5.8463 – 0.0191 * X. 
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At the Macon Ridge Station during 2001, 2002, and 2003, numbers of damaged 
bolls in the non-Bt refuges and associated Bollgard® cotton fields were variable, but 
generally higher than those observed at the Dailey Farm.  This location wasn’t treated for 
heliothines the entire season, which probably explains why, higher damage levels were 
observed.  The numbers of damaged bolls were higher in 2002, across both the refuge 
and Bollgard® fields, compared to that in 2001 and 2003 (Figure 14).  These data were 
similar to data recorded from the Dailey location.  Significant year effects as well as a 
year and sample site interactions for heliothine-damaged bolls were observed.  For all 
years, numbers of damaged bolls in the non-Bt refuge areas were significantly higher 





































Figure 14.  Mean number of damaged bolls per meter at the MRRS during 2001, 
2002, and 2003.  
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In 2001, the number of heliothine-damaged bolls ranged from 5.3 to 11.3/m in the 
non-Bt refuge (Figure 15). The fewest number of damaged bolls in the refuge were 
recorded at the sample site 12 m from the interface.  Damaged bolls in the Bollgard® field 
ranged from 1.4 to 2.9/m.  The highest numbers of damaged bolls at sample sites in the 
Bollgard® cotton were recorded 1 m from the interface.  The levels of heliothine-
damaged bolls were highest in 2002, and ranged from 11.5 to 20.1/m (Figure 16).  The 
fewest number of damaged bolls in the refuge was located 16 m from the interface.  The 
number of damaged bolls recorded at all sample sites in the Bollgard® field ranged from 
0.8 to 3.7/m. The highest number of damaged bolls in the Bollgard® field was recorded 
22 m from the interface.  In 2003, the number of heliothine-damaged bolls in the refuge 
ranged from 4.5 to 13.3/m (Figure 17).  Damaged bolls ranged from 0.3 to 1.1/m in the 
Bollgard® field.  Similar to the data in 2001, the highest numbers of damaged bolls at 
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Figure 17.  Mean number of damaged bolls (+ SE) per meter at MRRS, 2003. 
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At the Macon Ridge location, the probability of heliothine-damaged bolls across 
the non-Bt refuge and Bollgard® field sample sites were described with a logarithmic 
equation during all three years (Figures 18, 19, 20).  The trends in these data are similar 
to those observed at the Dailey location.  The probability data varied among years in a 
manner similar to the actual data on damaged bolls. As expected from higher infestation 
levels, probability values at the Macon Ridge location were higher than those observed 
for the Dailey location.  The probability of damaged bolls was consistently highest in the 
center of the refuge during 2001 (0.11), 2002 (0.18), and 2003 (0.16).  These data showed 
a general trend for a decline from the highest levels in the center of the refuge to the most 
distal sample sites from the interface in the Bollgard® field.  The greatest change in 
probability values was found among sample sites in the refuges.  Across the Bollgard® 
sample sites, probability values were lower and less variable than those observed across 
sample sites in the refuge.  However, those sample sites in the Bollgard® fields adjacent 
to the interface consistently had a higher probability of heliothine-damaged bolls than 
those at sample sites farther away from the interface. 
Heliothine-damaged bolls were recorded at sample sites in the non-Bt refuges and 
Bollgard® cotton fields.  As expected, the highest number of damaged bolls and the 
highest probability of damaged bolls were recorded in the non-Bt refuges.  The purpose 
of the refuge is to produce Bt-susceptible insects.  Therefore, for the insects to complete 
larval development, heliothines must feed and injure cotton fruiting forms.  The number 
of damaged bolls fluctuated among years and across sample sites in the non-Bt refuge 
and Bollgard® field.  These differences could be attributed to a number of factors 
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Figure 18.  Predicted probability values (logistic regression) of finding damaged 
bolls at selected locations at MRRS location, 2001.  Log[Pr(y)/(1-Pr(y))]= 
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Figure 19. Predicted probability values (logistic regression) of finding damaged bolls 
at selected locations at MRRS location, 2002.  Log[Pr(y)/(1-Pr(y))]=          
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Figure 20. Predicted probability values (logistic regression) of finding damaged bolls 
at selected locations at MRRS, 2003.  Log[Pr(y)/(1-Pr(y))]= -3.2676 – 0.0222 
* X. 
 
Generally, there were higher numbers of damaged bolls near the center of the 
non-Bt refuge compared to refuge rows within 10 m of the Bollgard® field.  These data 
appear to show a ‘halo’ effect in the refuge adjacent to the Bollgard® field with the 
frequency of damaged bolls increasing as sampling distance increases from the non-Bt 
refuge and Bollgard® field interface.  Alstad and Andow (1995) reported corn yield loss 
and larval densities differed within the refuge in relation to distance from the transgenic 
Bt corn crop.   
Andow and Hutchinson (1998) observed a general phenomenon termed the “halo” 
effect in non-Bt corn fields planted adjacent to Bt corn (YieldGard®, Monsanto Co, St. 
Louis, MO) fields.  A decrease (30 to 50%) in 2nd generation European corn borer, 
Ostrinia nubilalis (Hübner), injury was observed up to 150 feet (45.7 m) away from the 
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interface of YieldGard® corn fields and non-Bt corn fields.  The factors that influence this 
protection are unclear. Intra-row movement of larvae could be a reason for damage in 
Bollgard® cotton.  Stewart et al. (2001) reported bollworm larvae that survived to the L3 
stage feeding on relatively non-toxic plant parts could emigrate to Bollgard® cultivars and 
damage bolls.   Larvae must ingest plant material of the Bollgard® cotton for the protein 
to be toxic to the larvae so both non-Bt and Bollgard® cultivars may sustain some degree 
of damage.  However, larvae that ingest the toxin and die as neonates in the Bollgard® 
cotton would result in minimum damage (Ring et al. 1993) compared to the non-Bollgard 
cotton.   
The area of a non-Bt cotton refuge may be critical if the associated Bollgard® 
field is suppressing moth production.  Refuge size must be large enough to produce a 
sufficient number of moths to emigrate and mate with resistant moths emerging from the 
Bollgard® cotton.  Caprio’s et al. (2004) model suggested that a (embedded) refuge be 50 
to 96 m wide to produce a sufficient number of tobacco budworm moths.  In a large 
refuge, moths could expend more of their reproductive effort in that area, thus increasing 
the population of moths in the refuge.  Refuges less than 50 m in width or those that are 
isolated may reduce the success of Bt-resistant moths emerging from isolated Bollgard® 
fields to mate with a Bt-susceptible moths emerging from the refuge.  However, the 
increase in heliothine populations generated by a large refuge may compensate for an 
isolated refuge.    
Caprio (2001, et al. 2004) determined that source sink dynamics can be important 
for some species in an agricultural system.  Caprio et al. (2004) randomly selected areas 
in the refuge and areas adjacent to the refuge to determine the egg density in small (16-24 
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rows wide), medium (32-48 rows wide), and large (80-96 rows wide) refuges and in the 
surrounding Bollgard® cotton to determine if the refuge was the primary source for 
producing heliothines.  If the refuge is the primary source of production, then egg density 
should decline farther away from the refuge.  For moth population densities to remain 
constant across the entire field during the entire production season,  > 20% of the eggs 
should be oviposited in the refuge.   
There are a number of potential advantages and disadvantages to the deployment 
of refuges, especially those that are embedded.  In addition to being areas where yield is 
sacrificed for the purpose of maintaining a susceptible pest population, refuges appear to 
be areas where producers derive some degree of protection from the adjacent Bollgard® 
cotton. Non-sprayed refuges, which are located separately from the Bollgard® field can 
be subject to illicit insecticide sprays and therefore suppress the number of insects 
emerging from the refuge.  Since embedded refuges are located inside the perimeter of 
the Bollgard® field, they will avoid these illicit sprays.  Bollworms have a high 
survivorship in Bollgard® cotton so there needs to be a mechanism in place that allows 
these non-Bt refuges to receive insecticide oversprays when the surrounding Bollgard® 
cotton is treated.  With these oversprays, embedded refuges offer more control of 
heliothine pests and improve yields.   
The sprayed refuge option utilizes two insecticide use strategies to preserve 
susceptibility to Bt. One is the use of conventional insecticides and the other being the Bt 
toxin in the Bollgard® fields.  Non-sprayed refuges and embedded refuges represent a 
more balanced approach in which the Bt toxin and conventional insecticides will be used 
to manage resistance in the absence of the other.  Embedded refuges offer the advantage 
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of lower population densities of target pests, and in some instances, higher yields 
compared to non-sprayed refuges.   
Cotton Yield Variability across Non-Bt cotton Refuges and Associated Bollgard® 
Cotton Fields 
 
At the Dailey location, cotton lint yields in the non-Bt refuges averaged 261, 214, 
and 508 kg/acre during 2001, 2002, and 2003 respectively (Figure 21).  Yields in the 
Bollgard® fields averaged 275, 234, and 585 kg/acre during 2001, 2002, and 2003, 
respectively.   In 2001, yield in the refuge ranged from 258 to 264 kg/acre and 255 to 305 
kg/acre in the Bollgard® field.  In 2002, lint yield in the refuge ranged from 206 to 220 
kg/acre and 221 to 261 kg/acre in the Bollgard® field.  In 2003, lint yield in the non-Bt 
refuge ranged from 489 to 526 kg/acre and from 567 to 602 kg/acre in the Bollgard® 
field. 
At the Macon Ridge location, cotton lint yields in the non-Bt refuges averaged 
264, 95, and 121 kg/acre during 2001, 2002, and 2003, respectively, while yields in the 
Bollgard® fields averaged 309, 256, and 267 kg/acre during 2001, 2002, and 2003, 
respectively (Figure 22).  In 2001, lint yields in the refuge ranged from 253 to 274 
kg/acre and 291 to 351 kg/acre in the Bollgard® field.  In 2002, lint yields in the refuge 
ranged from 68 to 122 kg/acre and 196 to 294 kg/acre in the Bollgard® field.  In 2003, 
yields in the non-Bt refuge ranged from 113 to 129 kg/acre and from 228 to 299 kg/acre 
in the Bollgard® field.  
Lint yields were consistently higher in the Bollgard® field compared to yields in 
the non-Bt refuges all three years.  Yields were variable across the refuge and no clear 
trends were detected.   However, yields were generally lower in the Bollgard® field on 
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rows within 10 m of the Bollgard® and non-Bt refuge interface compared to the overall 
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Figure 21. Spatial variation in cotton yield in the non-Bollgard® refuge and 







































Figure 22. Spatial variation in cotton yield in the non-Bollgard® refuge and 
Bollgard® field at MRRS during 2001, 2002, and 2003. 
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Heliothine Adult Movement in a Bollgard® and Non- Bollgard® Cotton System   
 
In 2003, adult densities were monitored for 16 weeks (Figure 23).  Bollworm was 
the most abundant species collected with 17110 moths captured compared to 2128 
tobacco budworm moths. A substantial acreage of field corn was located within a radius 
of two miles from the test area and probably influenced bollworm trap captures.  There 
was an average of 3422 bollworm moths captured in each trap and ranged from a high of 
3821 captured 805 m from the center of the refuge to a low of 2199 moths in the non-Bt 
refuge area.  This refuge option (80:20 sprayed) allowed heliothine management options 
to be applied separately from the associated Bollgard® field.  Pyrethroid oversprays to 
control lepidopteran and heteropteran pests in the refuge probably had an effect on the 
number of moths captured in and near the refuge.  The number of bollworm moths 
increased nearly two-fold within 805 m from the non-Bt refuge and remained 
consistentlyhigh in all traps adjacent to the Bollgard® field. 
There was a total of 2128 tobacco budworm moths collected during the test 
period.  The greatest number of tobacco budworm moths was captured in the non-Bt 
refuge and within 805 m from the center of the refuge.  At the trap sites one and two, 590 
and 818 moths were collected, respectively (Figure 23).  The numbers of moths captured 
in traps declined thereafter to 390, 191, and 139 moths at sites three, four, and five, 
respectively.   
When comparing the frequency of occurrence in the number of tobacco budworm 
moths captured in Bollgard® cotton to the number in the refuge there were only eight 
weeks in which the site adjacent to the refuge captured as many or more than the refuge 
and this frequency continued declining farther away from the refuge, in 2003 (Figure 24). 
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In 2004, adult densities were monitored for 14 weeks. The bollworm was the most 
abundant species collected (Figure 25).  Total numbers of adults collected during the 
2004 season included 4910 bollworms and 1052 tobacco budworm. The average numbers 
of bollworms was 817 moths per trap.  The highest numbers of bollworm adults (1429) 
was captured 480 m from the non-Bt refuge.  The lowest numbers of adults (271) was 
captured 1448 m from the refuge.  Cumulative numbers captured at the first three sites 
were 1276 (refuge), 1433, and 1131 moths, respectively.  Numbers declined sharply at 
sites four (271), five (477), and six (313).  This could be the result of the last three pairs 
of traps being located on a separate plantation where different insect pest management 





































Figure 23.  Total number of bollworm (y1 axis) and tobacco budworm (y2 axis) 
adults captured at each site (16 weeks sample), 2003. 
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Tobacco budworm moth numbers ranged from 62 to 306 among sample sites.  
The average number collected at each site was 175 moths.  Cumulative numbers of moths 
collected at each site were 174 (site one), 261 (site two), 306 (site three), 113 (site 4), 136 
(site five), and 62 (site six).  During the entire sampling period, a total of 1154 tobacco 
budworm moths were collected.   
In 2004, the sites in the Bollgard® cotton with the highest frequency of occurrence 
in the number of tobacco budworm moths captured compared to the number in the refuge 
were sites two (480m) and site three  (965 m) from the refuge.  During the fourteen-week 
test sites two and three collected as many as or more than the refuge five and seven 
weeks, respectively (Figure 26). 
The total number of moths for each species were >three- fold lower compared to 
the total number of moths captured in 2003.  This decrease in moths captured could be 
the result of excessive rain events that occurred across Louisiana.  Saturated soil 
conditions during 2004 could have contributed to lower pupal survival and overall moth 
production.  There were numerous acres of crop hosts including soybean and corn around 
the test area that could have supported heliothine populations.  Different crop mixes 
between years and insect pest management practices also may have impacted numbers, 
especially bollworm.  
Bollworm and tobacco budworm moths were captured in all traps both years.  The 
non-Bt refuge appears to be less significant for production of bollworm compared to 
tobacco budworm.  Generally, bollworm captures were lower in the trap along the border 
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Figure 24.  Frequency of capturing tobacco budworm adults, 2003.  
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Figure 25.  Total number of bollworm (y1 axis) and tobacco budworm (y2 axis) 
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Figure 26. Frequency of capturing tobacco budworm adults, 2004.  
 
In 2003, the refuge was maintained separately from the Bollgard® cotton and received 
conventional insecticides to control heliothine pests.  This management strategy had an 
effect on the number of bollworm and tobacco budworm emerging from the non-Bt 
refuge.  
Heterogeneous habits abound in the agricultural landscape and provide many 
different host plants for the bollworm and tobacco budworms.  Bollworms have a wide 
host range with numerous crop and non-crop hosts in Louisiana.  Peters (2004) reported a 
temporal occurrence of bollworm in crop hosts such as field corn, grain sorghum, and 
soybean that could have influenced trap captures.  In mid-July when corn ceases to be a 
suitable habitat bollworm moths move into cotton and alternative hosts (Neunzig 1969).   
Bollworms are inherently more tolerant to the Cry1Ac protein toxin than tobacco 
budworm.  Therefore, some bollworms can survive and emigrate from transgenic fields 
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and influence trap numbers.    Long-range migration can play a role in local bollworm 
population dynamics.  Lopez et al. (1995) found that bollworms are more mobile than 
tobacco budworm during the mid-summer months in Texas.  Movement of bollworm 
adults can occur over long distances and in a short period of time, thus influencing 
duration and size of local populations.  This behavioral pattern limits the effects of source 
sink dynamics for bollworm in a Bollgard® and non-Bt refuge system.  These moths 
could have dispersed from surrounding crop fields or native hosts habitats.   
Tobacco budworm captures were higher in the center of the non-Bollgard® refuge 
and at traps less than 1 km from the center of the refuge both years.  Lower numbers in 
the non-Bt refuge is a result of a certain portion of the tobacco budworm population 
susceptible to pyrethroid insecticides.  Tobacco budworm captures were highest both 
years within 1km from the non-Bt refuge.   The non-Bt refuge appears to be a major 
source for the production of tobacco budworms.  Some wild hosts or non-crop hosts can 
support tobacco budworm populations.  In many years, native host plants could be an 
important source of tobacco budworm early in the growing season.  Schneider (2003) 
made observations over several years that a high population density of tobacco budworm 
larvae can be found on non-crop host plants.   However, Stadelbacher et al. (1986) 
reported tobacco budworms are primarily restricted to cotton during the summer with 
only small populations on a few native hosts.  Cotton fields are initially infested from 
adults migrating from springtime native hosts.  Later in the growing season (July, 
August) a substantial portion of the subsequent populations originate from the cotton 
fields.   
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The optimal size and placement of the refuge needs to be a compromise between 
the grower who desires fewer numbers of insects and higher yields, which would require 
narrow refuges and long-term resistance management, which requires large refuges to 
produce a sufficient number of susceptible insects and result in lower yields.  
Unfortunately, for the production of a large number of susceptible insects a sacrifice in 
yield could result.   
The sampled damaged bolls reflect larval survival and interactions with non-Bt 
and Bollgard® cotton.  Given the distance measured to detect larval damaged bolls in the 
refuge and Bollgard® field, it is unlikely the number of damaged bolls will vary 
significantly from the densities measured.  Therefore, these results should reflect data for 
the entire non-Bt refuge and Bollgard® fields.  
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SUMMARY AND CONCLUSIONS 
 
Cotton producers have been required to implement an insect resistance 
management (IRM) strategy for transgenic, Bacillus thuringiensis (Bt), cotton cultivars 
since the commercialization of the technology in 1996.  A key component of IRM 
guidelines is to plant a non-Bt cotton refuge for the purpose of producing Bt-susceptible 
insects.  The amount of acreage and spatial arrangement of the refuge area relative to the 
Bt cotton field was determined using risk: benefit analyses generated from modeling 
studies.  Those data were based upon estimates of numerous biological and ecological 
interactions for the target insect and host crop.  Information to support the assumptions of 
these models is necessary to optimize the IRM effectiveness and levels of adoption by 
cotton producers.   
During 2001-2003, several studies evaluated distribution of heliothine- 
(bollworm, Helicoverpa zea [Boddie], and tobacco budworm, Heliothis virescens [F.]), 
injured bolls to estimate late-instar larval production in a Bollgard® and non-Bt refuge 
cotton system.  The occurrence and frequency of heliothine-damaged bolls were 
measured across commercial acreage of Bollgard® and conventional non-Bt cotton 
(refuge) varieties on two farms in Franklin Parish, Louisiana.  Using the adjacent rows 
(interface) between Bollgard® and non-Bt refuges areas as a reference line, pre-
determined sites in the Bollgard® (1-153 m) and refuge (1-25 m) areas perpendicular to 
the interface were sampled just prior to mechanical harvest.  The mean number of 
heliothine-damaged bolls was significantly lower in the Bollgard® area compared to the 
average number of damaged bolls across the non-Bt refuge.  There was a general trend 
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for damaged bolls to be highest in the center of the refuge and decrease at sample sites 
closer to the Bollgard® and refuge interface.  Probability analyses of binomial data 
(presence/absence of damaged bolls) indicated a logarithmic distribution at all sample 
sites across the non-Bt refuge and Bollgard® areas.  These results show that the number 
and occurrences of heliothine-injured bolls varied across the Bollgard® and non-Bt refuge 
cotton areas, but were spatially related to the distance of sample sites from the interface.   
The extremes in the occurrence of injured bolls were detected at the most distal sites in 
the Bollgard® area and non-Bt refuge.  Therefore, average values for the production of 
larvae and adults in the non-Bt refuge without consideration to location may not 
accurately reflect the ecology of heliothines in a Bollgard® and non-Bt refuge system.  In 
addition, the higher occurrence of heliothine-injured bolls at sample sites closest to the 
interface in the Bollgard® area could suggest differential survival of larvae influenced by 
location of the non-Bt refuge and have implications on the evolution of resistance to Bt.  
 The objective of the non-Bt refuges is to produce Bt-susceptible target insects.  
For the refuge to be successful, target insect feeding and boll injury must occur at natural 
levels.  As a result, seedcotton yields are likely to be reduced.  The perception of cotton 
producers is that a significant excessive yield loss will occur in the non-Bt refuges.  The 
spatial variation of seedcotton yield across the Bollgard® and refuge areas was 
determined by mechanical harvesting sample sites as entire rows in a similar pattern to 
that used for sampling heliothine-damaged bolls.  Cotton yields were consistently lower 
at sites harvested in the refuge area.  There was no significant trend in spatial variability 
across the non-Bt refuge or across the Bollgard® areas.  Mean yield losses in the non-Bt 
refuge compared to the Bollgard® cotton field ranged from 5% to 63% compared to 
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yields associated Bollgard® areas.  Although the estimates of yield loss are accurate for 
the current study given the corresponding heliothine infestations, yields are influenced by 
numerous factors including agronomic practices and pest infestations.  Extreme yield 
losses in non-Bt refuges should be a rare event. Producers should recognize that annual 
yield losses in a Bt-refuge should be included in the cost and maintaining the 
effectiveness of the Bollgard® technology.     Future studies should consider the 
economics of yield losses in refuges and the impact on farm productivity.           
Another series of studies surveyed heliothine adult dispersal in Bollgard® and 
non-Bt refuge areas during 2003 and 2004. Pheromone-baited wire cone traps were 
placed on the field margins of these areas at pre-determined sites starting in the center of 
the refuge and continuing at intervals across the Bollgard® area for >3.5 km. Both species 
were captured in all traps, but mean number of bollworms (816-3422/trap) outnumbered 
tobacco budworms (175-426/trap).  Tobacco budworm captures were consistently higher 
in traps located closer to the refuge.  Bollworm captures were not influenced as much by 
the location of the refuge in one year as were tobacco budworm.   During 2003, numbers 
of bollworm adults were similar, regardless of trap location and suggest alternate plant 
hosts are important in the production of this species.  During the second year, bollworm 
numbers varied more by trap location and the refuge may have influenced the pattern of 
captured adults.  However, the decrease in numbers captured at the most distant sites to 
the refuge were probably influenced by insecticide use patterns in cotton and other crop 
fields near those traps. 
For the foreseeable future, non-Bt cotton refuges will remain a component of IRM 
for Bollgard® and other transgenic Bt cotton technologies.   The results of these and other 
 51
studies providing information on the target insect and host plant interactions should be 
considered in the development of strategies for implementing non-Bt structured refuges 
as a component of IRM guidelines for Bt cotton.  In addition, IRM guidelines should be 
revised to promote responsible non-Bt refuge management by producers and reduce the 
associated costs of yield losses.  The ultimate goal is to delay the evolution of heliothine 
resistance to Bollgard® cotton, but science-based information and producer cooperation is 
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Appendix A. 1.  Number of bollworm adults captured by 
week at Panola, Tensas Parish, LA, 2003. 
      
Date Site 1 Site 2 Site 3 Site 4 Site 5 
27-Jun 17 73 52 31 35 
4-Jul 115 145 138 131 53 
11-Jul 39 22 43 64 45 
18-Jul 213 167 164 162 215 
25-Jul 490 701 573 444 387 
1-Aug 121 153 260 366 606 
8-Aug 154 369 412 456 416 
15-Aug 21 36 81 126 164 
22-Aug 7 61 82 103 151 
29-Aug 14 103 53 3 197 
5-Sep 22 241 289 337 348 
12-Sep 53 178 229 280 280 
19-Sep 218 270 299 327 228 
26-Sep 370 427 407 386 191 
3-Oct 358 450 293 136 120 
10-Oct 345 425 348 270 310 
 
Appendix A. 2.  Number of tobacco budworm adults 
captured by week at Panola, Tensas Parish, LA, 2003. 
      
Date Site 1 Site 2 Site 3 Site 4 Site 5 
27-Jun 69 86 40 27 10 
4-Jul 28 20 54 24 16 
11-Jul 4 9 5 0 2 
18-Jul 6 12 9 2 0 
25-Jul 30 14 9 9 22 
1-Aug 60 47 21 9 4 
8-Aug 58 31 9 3 7 
15-Aug 20 15 2 8 0 
22-Aug 23 64 25 12 11 
29-Aug 14 82 10 2 4 
5-Sep 64 100 12 10 25 
12-Sep 41 139 6 2 9 
19-Sep 32 63 3 8 29 
26-Sep 36 48 52 22 0 
3-Oct 110 77 85 12 0 









Appendix A. 3.  Number of bollworm adults captured by week at Panola, 
Tensas Parish, LA, 2004. 
Date Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 
9-Jul 81 76 34 96 4 0 
16-Jul 260 189 305 111 62 66 
23-Jul 229 207 154 46 57 28 
30-Jul 102 66 116 11 18 23 
6-Aug 31 8 19 1 7 3 
13-Aug 36 28 53 5 1 12 
20-Aug 11 11 25 3 0 7 
27-Aug 113 161 459 41 81 45 
3-Sep 154 88 0 2 20 16 
10-Sep 195 120 137 3 55 33 
17-Sep 13 16 26 0 22 0 
24-Sep 22 31 34 3 27 18 
1-Oct 78 66 57 5 63 31 
8-Oct 105 68 10 6 60 31 
 
Appendix A. 4.  Number of tobacco budworm adults captured by week 
at Panola, Tensas Parish, LA, 2004. 
Date Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 
9-Jul 5 0 0 0 1 0 
16-Jul 3 1 1 2 1 0 
23-Jul 9 5 10 3 6 1 
30-Jul 9 6 4 0 3 0 
6-Aug 2 15 0 10 2 9 
13-Aug 17 16 23 6 11 4 
20-Aug 7 10 4 2 0 4 
27-Aug 35 3 16 10 20 2 
3-Sep 24 2 13 2 8 1 
10-Sep 13 45 26 11 31 5 
17-Sep 16 26 62 22 12 6 
24-Sep 23 19 31 5 19 8 
1-Oct 29 30 53 7 10 20 
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